The potential of using acid hydrogen peroxide for lowering the electrical energy consumption during production of Black spruce (Picea mariana) thermomechanical pulp (TMP) was investigated. The chemical system, which consisted of ferrous sulphate, hydrogen peroxide and optionally an enhancer [ethylenediaminetetraacetic acid (sodium salt), 3,4-dimethoxybenzyl (veratryl) alcohol or oxalic acid/sodium oxalate], was evaluated as an inter-stage treatment where the primary refiner was used as a mixer. The approach has the advantage of minimising the capital investment needed for implementation, thus being directly applicable in a thermomechanical pulping process consisting of two or more refiners in series.
Enhanced production and efficient utilization of lignocellulosic products are issues of great importance to both industry and society. The production of mechanical and chemimechanical pulps is an efficient way of using the available virgin fibre resources since the yield of these manufacturing processes is high and the environmental impact relatively low. The light scattering (opacity) and bulk (stiffness) properties of high-yield pulps are exceptional and not easily obtainable with other pulp types. The poor brightness stability, and for some wood raw materials and pulping processes, the low maximum obtainable brightness (whiteness) level, are the major obstacles for using high-yield pulps also in long-life, high-quality papers. Furthermore, mechanical and chemimechanical pulping processes are energy intensive and represent about 20% of the electrical energy demand of papermaking in the world (Münster et al. 2005 ). The development of innovative solutions that substantially reduce the energy consumption while maintaining pulp quality is therefore an important issue for the pulp and paper industry globally.
The amount of electricity needed for fibre separation and development is dependent on many factors such as the type of wood raw material used, the pulping process chosen and the intended end-use of the produced pulp. The specific energy consumption (SEC) for producing thermomechanical pulps (TMPs) can be up to 3-3.5 MWh/t (Jackson, Wild 1999; Ali (Viforr) , Salmén 2005; Francis et al. 2006; Viljakainen 2006) , and consequently the electrical power cost has a great impact on the total production cost and thus the profitability. The significant increase in energy costs that has taken place during recent years, due to a more deregulated power supply in combination with legislations or incentives to reduce the greenhouse gas emissions has intensified the work towards energy efficiency in the refining process. The TMP systems installed today are expected to have at least 10% lower energy consumption than the systems installed previously (Sabourin 2007 ), but this is not enough and many companies are pursuing new and more energy efficient solutions that are also applicable in existing installations.
A vast number of energy reducing strategies and technologies ranging from process control and machinery to biotechnology have been proposed (cf. e.g., Cannell 1999; Rodden 2003) . Several concepts with increased processing temperature and intensity in connection to the refining process, e.g., ThermoPulp, high-temperature chemithermomechanical pulping (HT-CTMP) and RTS-TMP, have been developed during the last decades (Münster, Dahlqvist 1995; Sabourin et al. 1996; Höglund et al. 1997; Vesterlind, Höglund 2006 ). It has also been shown that mechanical compressive treatments of wood chips prior to refining (Frazier, Williams 1982; Sabourin 1998; Kure et al. 1999 ) lowers the specific energy consumption, as does the introduction of a low-consistency final refining stage . Chemical (e.g., selective sulfonation, oxalation, ozonation, alkaline treatments) and enzymatic (e.g., cellulase, hemicellulases, laccase or pectinase) pre-treatments of wood chips prior to refining, or inter-stage treatments of coarse pulps have also been suggested (Hartler 1980; Janson, Mannström 1981; Axelson, Simonson 1983; Petit-Conil, de Choudens 1998; Pere et al. 2000; Mansfield 2002; Peng et al. 2003; Swaney et al. 2003; Meyer et al. 2005) . For example, addition of alkaline Energy efficient refining of black spruce TMP by using acid hydrogen peroxide: Part 1. A pilot plant study hydrogen peroxide to refiners is a well known technology that besides brightening of the pulp also can lower the energy demand (Åkerlund et al. 1979; Strunk, Meng 1989; Harrison et al. 2008 ). The energy reduction obtainable in mill scale is, however, limited and the problem with scaling is common when using this technology. The use of magnesium based alkali sources can, however, reduce the calcium oxalate scaling issues (Harrison et al. 2008) . Some of the above mentioned processes can reduce the specific energy consumption considerably, but seldom without detrimentally changing the pulp and paper properties. Furthermore, many of the technologies are capital intensive and/or have a high operational cost that results in no or very small financial benefits for the mills.
Fungal treatment of wood chips or coarse pulp has been explored since the 1970s to lower the specific energy consumption during mechanical pulping (Ander, Eriksson 1975; Bar-Lev et al. 1982; Akamatsu et al. 1984; Leatham et al. 1990; Setliff et al. 1990; Akhtar et al. 1993 , Akhtar et al. 1998 Agarwal, Akhtar 2000) . White-rot fungi are of prime interest since the potential to degrade both wood polysaccharides and lignin exists. There is, however, a substantial variability both among and within fungal species with regard to lignin selectivity. The benefits by using white-rot fungi in mechanical pulping are the substantial energy reduction and the improved paper strength properties obtainable but this is achieved at the expense of a lower brightness due to the formation of quinones, a lower light scattering ability and a lower yield. The technical difficulties (long pre-treatment times, addition of nutrients, inhibition of undesirable microorganisms etc.) to implement this technology in existing operations are also a serious drawback.
The white-rot fungi produce specific enzymes (e.g., peroxidases, laccases, cellulases) and low-molecular weight organic and inorganic compounds (e.g., reactive oxygen species, oxalic acid, quinones, dihydroxybenzenes, veratryl alcohol) that have been proposed to be involved in the biodegradation mechanism (Hattori, Shimada 2001; Hammel et al. 2002; Li 2003) . Enzymes are generally believed to be too large to be able to penetrate the unmodified wood cell wall (Kirk, Cullen 1998) and reactive oxygen species (e.g., hydroxyl radicals, HO•, peroxyl radicals, ROO•, hydroperoxyl radicals, HOO•) are therefore believed to initiate decay within the wood cell wall (Hammel et al. 2002; Henry 2003) . Hydrogen peroxide, that can be produced by enzymes present in the white-rot fungi (e.g., aryl alcohol oxidase, glyoxal oxidase, pyranose 2-oxidase, cellobiose dehydrogenase), is believed to be the likely precursor for the hydroxyl radical (Li 2003) . Ferrous iron (Fe 2+ ) reacts with the formed hydrogen peroxide and generates hydroxyl radicals in a process referred to as the Fenton reaction. White-rot fungi have developed different systems to reduce the formed ferric iron (Fe 3+ ) to Fe 2+ , e.g., via low molecular mass glycopeptides, dihydroxybenzenes or cellobiose dehydrogenase (Rodriguez et al. 2003) . This means that the fungal degradation proceeds via redox cycles. The involvement of the Fenton reaction in the early phase of lignin biodegradation by white-rot fungi is, at present, debated and it has been reported that it is of no importance (Bohlin 2008) .
The present investigation describes the potential of using Fenton-type chemistry for reducing the specific energy consumption during production of Black spruce (Picea mariana) TMP. Acid hydrogen peroxide was used as oxidant and ferrous sulphate as activator in the employed chemical system. The effect of using sodium oxalate/oxalic acid, ethylenediaminetetraacetic acid and 3,4-dimethoxybenzyl (veratryl) alcohol as enhancers are also discussed. 
Experimental

Pilot plant trial
Thermomechanical pulp (TMP) was produced at Andritz pilot plant facility in Springfield, OH, USA. A three-stage refining setup was used and the energy input was varied in the last refining stage to obtain pulps with different freeness levels. The wood chips were pre-heated at 4.14 bar steaming pressure for 40 seconds prior to refining. A single disc 36'' pressurized refiner (Andritz Sprout-Bauer 36-1 CP run at 1800 rpm, 4.14 bar) was used in the first refining stage and a double disc 36'' atmospheric refiner (Andritz Sprout-Bauer 401, 1200 rpm) in the second and third refining stages. The energy input in the primary refining stage was about 500 kWh/t, and in the second refining stage approximately 1000 kWh/t. In most cases, three tertiary refining stages with a targeted energy input of 400, 800 and 1200 kWh/t were performed. The energy consumption for producing the Black spruce reference TMP in the pilot plant was close to commercial operation (cf. Jackson, Wild 1999) . The specific energy consumption is given as kWh per bone dry ton of pulp (bdt).
The chemicals used in the trial were added according to an inter-stage approach; the ferrous sulphate (and enhancer when used) was added to the refiner eye and hydrogen peroxide to the blow line of the pressurized first-stage refiner. The ferrous sulphate and the enhancer were thoroughly mixed before addition to the refiner eye. The pilot plant is a batch process, which inevitably leads to a retention time between the first and the second refining stage of at least 20 minutes, something that may have an impact on the chemical reactions prevailing. All trial series were run at constant conditions, meaning that the variation in specific energy consumption and resulting pulp and paper properties is a result of the chemicals added during the trial. The addition levels of chemicals are given as 100% calculated on bone dry wood.
Analyses
The physical and optical properties of the pulp and paper samples were tested on washed pulps (about 3% pulp consistency at room temperature) in accordance with TAPPI standard procedures (T 205 sp-06, T 220 sp-96, T 227 om-04, T 425 om-06, T 525 om-06) and the fibre length distribution was determined with a Kajaani FS-100 fibre size analyzer. The metal ion content of the wood and pulps were determined after wet combustion with nitric acid using a microwave system with an ICP (inductively coupled plasma) instrument (Iris radiell, Thermo ICP s/n 10973). The report limits (mg/kg) were: Ca, 20; Cu, 0.1; Fe, 0.5; Mg, 20; and Mn, 0.1. Residual hydrogen peroxide was determined by iodometric titration where the liberated iodine was titrated with 0.1 M sodium thiosulphate.
The chemical oxygen demand (COD) was determined after a thorough water wash at 70°C. The pulp (15 g bone dry) was suspended in 900 ml of deionised water for 30 seconds and then dewatered on a wire cloth Monodur PA 112 (from Derma). The filtrate was recirculated once to avoid loss of fibres and fines material. The procedure was repeated once and the two filtrates were combined and used for determining the COD value with a Dr. Lange XION 500 spectrophotometer and according to the method for Dr. Lange Classic COD Cuvette Test. The pulp yield (%, bone dry) was then determined from the COD value according to Eq [1] , which is based on Bertolotti et al. (1982) and Åkerlund (1978) .
Result and Discussion
Acid hydrogen peroxide
The acid hydrogen peroxide system described below has been used in this investigation to chemically modify high-freeness Black spruce (Picea mariana) thermomechanical pulp (TMP) with the aim of lowering the electrical energy consumption during subsequent refining. One hypothesis is that the radicals formed when hydrogen peroxide decomposes under acid conditions attack the outer fibre surfaces and weaken these cell wall layers and thereby facilitate the fibre development and lowering the energy needed to a certain degree of pulp refinement.
The combination of hydrogen peroxide (H 2 O 2 ) and a ferrous salt (i.e., Fenton's reagent) is known as an effective oxidant of a variety of organic compounds (Walling 1975; Sychev, Isak 1995 nation of the formed carbon centred radicals (dimerization), oxidation or reduction of the iron present is also possible, [16]-[18] . The catalysis of hydrogen peroxide decomposition by iron in dilute solutions is, however, not at present fully elucidated and the role of the hydroxyl radical is disputed. Besides the theory described above, which is based on the participation of free radicals, a conceptually different theory exists where the ferryl ion (FeO 2+ ) is regarded as the active intermediate and not the hydroxyl radical (cf. Sychev, Isak 1995).
The Fenton system is very complex and pH, temperature and concentration dependent and is further complicated if organic substrates are present in the system. The reactions are influenced by the inorganic anions, the ligand attached to the metal ion and the nature of the organic compounds present. Different ferrous and ferric iron complexes and the numerous radical intermediates, generated oxidation products (e.g., alkyl and alkoxyl radicals, hydroxylated derivatives and carboxylic acids) and consecutive reactions make it even more complicated. It is also known that the Fenton system can be broadened to other lower valence transition metals which have one-electron redox couples [e.g., Co(I)/Co(II), Cu(I)/Cu(II), Mn(II)/Mn(III), Ti(III)/Ti(IV)] and organic hydroperoxides (e.g., alkyl hydroperoxides, ROOH) or hypohalous acids (e.g., HOCl). More information about Fenton and Fenton-like systems can be found in Haber and Weiss (1934) , Barb et al. (1951a,b) , Walling (1975) , Edwards and Curci (1992) , Sychev and Isaak (1995) , Goldstein and Meyerstein (1999) and De Laat (2004) and references cited therein.
The nature (e.g., metal chelating capability) and diversity (e.g., in chemical constituents) of the lignocellulosic material (i.e., wood) further adds complexity to the studied acid hydrogen peroxide system. The elucidation of the reactions of the lignocellulosic material occurring during the chosen experimental conditions is not the scope for this work but will be addressed in forthcoming studies.
Sodium oxalate/oxalic acid (abbreviated Ox in text, figures and tables) was chosen as an enhancer in the chemical system since it is known that oxalate is produced by wood degrading fungi (Goodell et al. 2002; Henry 2003 ) and several research groups have shown that sodium oxalate/oxalic acid has the potential to lower the specific energy consumption during refining (Swaney et al. 2003; Meyer et al. 2005) . One prerequisite of using oxalic acid/sodium oxalate, however, is that the addition level is low so that possible problems with deposits are minimized. Ethylenediaminetetraacetic acid, sodium salt (Na 4 EDTA) was used as an enhancer to examine the possibility to reduce the well-known discoloration caused by iron (Janson, Forsskåhl 1989; Ni et al. 1997; Ni et al. 1998; Ni et al. 1999; Peart, Ni 2001) . Furthermore, it is at present debated whether the hydroxyl radical formation in the Fenton reaction decreases or increases in the presence of chelating agents such as EDTA (Walker et al. 1999; Li et al. 2007 ). Veratryl alcohol (3,4-dimethoxybenzyl alcohol, VA) is one of the proposed ligands that participate in the complex reactions that prevail during biodegradation of wood (Hattori, Shimada 2001 ).
Veratryl alcohol is transformed into a veratryl alcohol cation radical (VA + •) which could degrade the wood constituents. Veratryl alcohol was tested as an enhancer since it may direct the oxidation towards the lignin constituent.
Addition of chemicals during refining
Chemicals used in order to lower the specific energy consumption (SEC) during refining can be added in various positions in a mechanical or chemimechanical pulping process. One alternative is to add chemicals before fibre separation (i.e., in a pre-treatment step) another is to add chemicals in-between or during refining (inter-stage treatment). The first approach could have the potential to influence the fibre separation mechanism and thereby the resulting pulp properties to a greater extent than the second approach, and has the drawback of being more capital intensive since some type of impregnation equipment normally is needed. The second approach, e.g., to use the primary refiner as mixing equipment, has the advantage of being cheaper and could directly be applicable in a thermomechanical pulping process consisting of two or more refiners in series. The potential of reducing energy could still be considerable for an interstage approach if the first refining stage is performed with a low energy input. This is supported by the fact that most of the energy used in a high-yield pulping process is consumed for fibre development (flexibilisation, fibrillation, generation of high-quality fine material, etc.) and not for fibre separation (Campbell 1934; Kano et al. 1983; Sundholm 1993) . Furthermore, the addition of chemicals to the refiner is a well known technique and is used for bleaching purposes (Strunk, Meng 1989; Chute et al. 1995) .
The acid hydrogen peroxide system used in this investigation was evaluated as an inter-stage treatment. The activator ferrous sulphate (and enhancer when used) was added to the refiner eye and hydrogen peroxide to the blow line of the pressurized first-stage refiner. A TMP produced at standard pH-conditions (pH 4.8, denoted TMP Ref) and a TMP produced under more acidic conditions (pH 3.8, TMP Acid Ref) were used as references. The low-pH TMP reference was chosen since the acid hydrogen peroxide system lowers the pH of the resulting pulp (cf. Table 2 ), something that could influence (i.e., decrease) the specific energy consumption (Rachor et al. 1990; Forsskåhl et al. 1999) . Table 1 shows the amount of chemicals added during the pilot plant trial. Two hydrogen peroxide levels (about 1 and 2%) and two ferrous sulphate levels (0.08 and 0.14-0.15%) were tested. The charge of ferrous sulphate was rather high but was chosen to be sure that all of the added hydrogen peroxide was consumed during refining. When using this activator, sulphate ions are introduced and the risk of scaling, in the form of calcium sulphate, may increase. However, other types of ferrous iron containing activators not containing sulphate ions can be used. Three of the trial series also included an enhancer (oxalic acid/sodium-oxalate, Na 4 EDTA or veratryl alcohol). The ratio between the enhancer and ferrous sulphate was about 1:1 (mole:mole) and the enhancer and ferrous sulphate were thoroughly mixed before addition to the inlet of the refiner. Table 2 shows the amount of residual hydrogen peroxide and the pH value for the different trial series at different positions in the TMP line. Most of the added hydrogen peroxide is still left after the primary refining stage (i.e., shortly after addition) and in most cases there is still peroxide present after the secondary refining stage. Especially addition of Na 4 EDTA slows down the consumption of hydrogen peroxide. It is also clear that all, or nearly all, of the added hydrogen peroxide was consumed during fibre processing. The pH value of the acid hydrogen peroxide-treated thermomechanical pulps was in the range of 3.2-3.7. The lower pH is a consequence of the addition of hydrogen peroxide, ferrous sulphate and probably also to the formation of low-molecularweight organic acids during the course of the reaction (cf. Manini et al. 2006) .
The metal ion content of the wood chips and thermomechanical pulps with a freeness value of approximately 100 ml CSF can be found in Table 3 . The iron content increased from 13 mg/kg for the wood chips to 25 and 64 mg/kg for the TMP Ref and TMP Acid Ref, respectively. This is an effect of the iron content in process waters and the release of iron from process equipment. The trial series, with a low addition charge of ferrous sulphate (HP A and HP C series), had an iron content between 160 and 180 mg/kg and the trial series with a high addition charge of ferrous sulphate (HP B and HP D series) had an iron content between 290 and 320 mg/kg. These iron levels correlate well with the amount of iron that was introduced via the ferrous sulphate addition. Theoretically, the low and high addition levels of ferrous sulphate should increase the iron content with approximately 160 and 280 mg/kg, respectively. Furthermore, there is enrichment in the calcium and magnesium content during refining whereas the manganese content decreased with 15-35% (cf .  Table 3 ).
Specific energy consumption (SEC)
The acid hydrogen peroxide system was evaluated for its possibility to lower the specific energy consumption during production of Black spruce TMP. One way of doing the assessment is to compare the specific energy consumption to a certain degree of pulp refinement, and Fig 2a shows the freeness as a function of SEC. It is evident that a substantial energy reduction is obtained with the chemical system and that the extent of electrical energy saved primarily is a function of the applied amount of hydrogen peroxide. There was no significant difference between the two TMP references (TMP Ref and TMP Acid Ref) when it comes to energy consumption, i.e., the lower pH of the acid hydrogen peroxide system can not explain the reduction in SEC. At a freeness level of 100 ml CSF (newsprint grade pulp), about 20% lower SEC was obtained with a hydrogen peroxide addition of 1% (trial series HP A and HP B) and about 35% with a hydrogen peroxide addition of 2% (series HP C and HP D). No clear effect of increasing the amount of ferrous sulphate could be seen, something that indicates that even the low addition level of ferrous sulphate was too high for the hydrogen peroxide charge used. None of the tested enhancers (oxalic acid/sodium oxalate, Na 4 EDTA or veratryl alcohol) influenced the specific energy consumption to any significant extent. The difference in saved amount of energy between the two hydrogen peroxide addition levels was less pronounced for magazine paper grade pulps (<50 ml CSF, Fig 2a) .
It is important that the refining conditions are constant to be able to conclude that the effects seen are a consequence of the added chemicals and not a consequence of varying refining conditions. The energy input in the primary refiner was similar for all trial series (cf. Figs 2a-b) and the refining conditions employed were as constant as possible, which indicates that the obtained energy reduction is in fact a consequence of the employed acid hydrogen peroxide system. The freeness value gives an indication of the drainability of the pulp and it is influenced by, e.g., the specific surface and volume of fibres and fine materials, the fibre length distribution and the fibre stiffness. Two pulps with the same freeness value could differ greatly from each other when it comes to pulp properties such as paper strength. It is therefore essential not only to compare the electrical energy consumption at a constant freeness level, but also at a constant strength property or other pulp and paper property that is essential for the intended end-product. For example, if a reduction in SEC is accompanied by a loss of pulp quality (e.g., strength), the cost to maintain end-product quality will increase (e.g., cost for reinforcement pulp and/or strength additives). The cost reduction obtained by decreasing the electrical energy consumption must then be corrected and compared with the cost of a reference pulp of equal quality.
If a comparison is made between the TMP reference (TMP Ref) and the acid hydrogen peroxide-treated pulps (HP series) at a constant tensile index of 45 Nm/g instead of a constant freeness value of 100 ml CSF, the same general conclusions can be made, i.e., the low peroxide addition level (trial series HP A and HP B) saves about 25% and the high addition level (HP C and HP D) about 35% of the electrical energy used for refining (cf . Fig 2b) .
One obvious way of reducing the energy consumption to a fixed freeness value during production of TMP is to cut the fibres (cf. Johansson, Dahlqvist 2001) , something that is undesirable since a pulp with long, flexible and well fibrillated fibres normally has a good potential to produce strong paper. Furthermore, strong high-yield pulps need no or little of the expensive reinforcement (chemical) pulp in the paper furnish. Among other things, this will improve the cost and printing performance of the end-product. Fig 3a shows the average fibre length (length weighted) as a function of the degree of refinement (freeness). At a freeness level of 100 ml CSF, no change in average fibre length was detectable when 1% hydrogen peroxide and 0.08% iron sulphate were added (HP A trial series, cf. Table 1 ) whereas an addition of 2% hydrogen peroxide (HP C and HP D series) entailed a minor reduction with about 5%. At lower freeness levels (less than 50 ml CSF), a larger reduction in fibre length was obtained for some of the trial series. It is also evident from Fig 3b that , at a constant tensile index, the average fibre length is shorter for the trial series with a hydrogen peroxide charge of 2%.
The fractional composition, divided into long, middle and fines fractions, was determined in the Bauer McNett classifier and since the average fibre length was rather Table 1 . A trend line is drawn for the TMP reference. The legends are given in Fig 3a. similar, no significant difference between the fractional compositions was expected. A high hydrogen peroxide charge generated somewhat more middle fraction (28-200) and slightly less long fibre fraction (+28), something that is consistent with the results from the fibre length measurements. Also the fines fraction (-200) is somewhat lower after chemical treatment. The coarsest fibres (Bauer McNett fraction +14) are the fibres that are considered to be the most detrimental and that may cause unevenness in the paper surface; something that may result in inferior printing performance. The amount of these fibres was very similar for all of the pulps suitable for printing paper applications. The shive content (Pulmac 0.10 mm) of the reference and acid hydrogen peroxide TMPs was also very similar at freeness levels below 400 ml CSF.
Strength properties
The strength properties of mechanical or chemimechanical pulps are of the utmost importance and influence the cost of the resulting wood-containing paper, runability on the paper machine and printing press and the end-performance of the produced paper and paperboard product (e.g., dimensional stability, printability, dusting and linting tendencies). A method that reduces the electrical energy consumption during production of high-yield pulps is therefore of limited interest for the pulp and paper industry if it simultaneously leads to a substantial reduction in the physical properties of the pulp/paper. Fig 4a shows the tensile index as a function of freeness. At a freeness value of 100 ml CSF, the tensile index for the chemically treated pulps is the same or higher than the tensile index for the TMP Ref. A slight reduction in tensile index may be seen for a hydrogen peroxide addition level of 2% (series HP C and HP D) at lower freeness values when compared to the TMP Acid Ref.
The tensile index is normally a function of the density of the paper sheet. When looking at Fig 4b, it is evident that the tensile-density relationship is somewhat different Table 1 . The legends are given in Fig 5a. for the acid hydrogen peroxide-treated pulps (HP series) compared to the reference pulps (TMP Ref and TMP Acid Ref) . The chemically treated pulps have a higher density (lower bulk) at a fixed tensile strength compared to the references. This may be a result of more flexible fibres with a high contact (bonding) area. The oxidative treatment could also lead to an increased fibre charge and thereby improved fibre bonding potential. The somewhat higher density could be negative for products where a high bulk (stiffness) is desirable (e.g., paper board applications).
The tear strength is influenced by the fibre length, the strength of the individual fibres and by the bonding ability of the fibre material. The chemical inter-stage treatment lowers the tear index by 5-10% and about 20% for the low (1%) and high (2%) addition level of hydrogen peroxide, respectively, when the comparison is made at a freeness value of 100 ml CSF (Fig 5a) . When comparing with the TMP Acid Ref at a tensile index of 50 Nm/g, the reduction in tear index is between 15 and 30% depending on the amount of hydrogen peroxide added (Fig 5b) . The lower tear strength could be explained by a reduction in fibre length (Fig 5c) , and possibly also to some reduction of the internal fibre strength. This is not unlikely, since radicals are generated during the hydrogen peroxide decomposition (cf . Fig 1) . In summary, the acid hydrogen peroxide system evaluated makes it possible to produce a newsprint quality thermomechanical pulp from Black spruce with improved tensile strength and somewhat lower tear strength using 20% less electrical energy compared to a reference TMP.
Optical properties
The optical properties of high-yield pulps are becoming more and more important since the brightness (whiteness) requirements for improved newsprint and many uncoated and coated magazine paper grades (e.g., SC, LWC, MWC) have been raised during recent years. Hence, the brightness (and brightness stability) of a pulp are important quality parameters and should not be altered in a detrimental way if possible. Fig 6 shows the brightness and Figs 7-8 the light scattering and light absorption coefficients as a function of the degree of pulp refinement for the different trial series. The brightness increases slightly when the freeness value decreases, something that is a consequence of an increased light scattering ability of the pulps (cf .  Fig 7) . With the amount of chemicals applied in this trial, the acid hydrogen peroxide system lowers the brightness considerably. At a freeness level of 100 ml CSF, the HP A EDTA and HP A series lose 6 and 7 ISO brightness units compared to the references (TMP Ref, TMP Acid Ref) whereas the brightness decrease is more than 9 brightness units for the rest of the trial series. The decrease in brightness is to some extent a consequence of the addition of ferrous sulphate, which increases the light absorption coefficient (Fig 8) . The slightly lower light scattering ability for most of the acid hydrogen peroxidetreated pulps also contributes to the brightness decrease. The variation in light scattering coefficient is, however, large for the chemically treated pulps especially at low freeness values. The effect of using enhancers is small; Na 4 EDTA and veratryl alcohol increased the brightness somewhat whereas oxalic acid/sodium oxalate generated a darker pulp. There could be several explanations for the discoloration Table 1 . A trend line is drawn for the TMP reference. Table 1 . A trend line is drawn for the TMP reference. Table 1 . A trend line is drawn for the TMP reference.
that occurs. One obvious reason is the precipitation of iron salts when the pH is raised and another the generation of ferric iron during the course of the reaction. The formation of coloured ferric complexes with wood constituents is another plausible explanation and it is well-known that many lignin-metal and extractive-metal complexes are highly coloured (Janson, Forsskåhl 1989; Ni et al. 1997; Ni et al. 1998; Ni et al. 1999; Peart, Ni 2001) . The formed radicals (cf . Fig 1) may also generate new lignocellulosic structures that directly or indirectly (together with metal ions) contribute to the observed discoloration. It is clear that the amount of ferrous sulphate added in the system affects the discoloration, and since the addition level of ferrous sulphate most likely was too high (cf. discussion above), the possibility to diminish the discoloration should be considerable. The potentially lower brightness stability due to the high iron content in the acid hydrogen peroxide-treated pulps (cf .  Table 3 ) should not be overlooked and future studies of the chemical system should consider this. The removal (washing, chelating) of iron from the chemically treated pulps, thereby regaining some of the brightness that was lost as well as the bleachability under oxidative and reductive conditions of the same pulps, has been presented elsewhere (Walter et al. 2009 ).
Released organic substances
There is no simple and straightforward way to determine the pulp yield in a mechanical or chemimechanical pulping process. The measured pulp yield is dependent on many factors such as wood raw material, processing conditions, pulping principle and the extent of washing. Most of the wood constituents that are dissolved during processing can be found in process waters and effluents as dissolved substances or as colloidal particles. In addition, volatile organic compounds (e.g., terpenes, lowmolecular weight alcohols, organic acids) are released during processing. Normally, the unbleached pulp yield for softwood thermomechanical pulps are about 96-97% (Holmbom et al. 2005) .
In the present investigation, the pulp yield of the chemically treated pulps was determined as the yield loss relative the yield of the TMP Ref.
The yield was calculated from the COD (chemical oxygen demand) value obtained after a thorough and standardized washing procedure as described in the Experimental section. Fig 9 shows the yield loss for pulps with freeness values of approximately 100 ml CSF. The acid hydrogen peroxide system generated a yield loss of approximately 1-3% units depending on the amount of chemicals added. The enhancer Na 4 EDTA seems to have a slightly positive effect in preserving the pulp yield. In summary, the chemical system evaluated in this paper demonstrates that it is possible to significantly reduce the electrical energy consumption during the refining of softwood TMP and that this can be done without any extensive change in the tensile strength of the resulting pulp. The main drawback is the lower brightness and pulp yield. The discoloration can, however, to a large extent be removed by hydrogen peroxide bleaching as described elsewhere (Walter et al. 2009 ). The acid hydrogen peroxide system employed is complex and more work is needed to fully utilize the potential of the treatment. A thorough chemical and morphological characterization of the acid hydrogen peroxide-treated Black spruce (Picea mariana) thermomechanical pulps will therefore be presented in a forthcoming paper in order to better explain the prevailing effects shown in this work.
Conclusions
Acid hydrogen peroxide (i.e., H 2 O 2 and FeSO 4 ) used as an inter-stage treatment in the thermomechanical pulping process has proven to be effective in reducing the specific energy consumption for Black spruce (Picea mariana) wood. A reduction of approximately 20-35% to a freeness value of 100 ml CSF seems possible to reach using 1-2% H 2 O 2 with only marginally changed fibre length, fractional composition of the pulp or tensile strength of the paper. The brightness of the treated pulps was, however, reduced. The amount of ferrous sulphate added in the system affects the pulp brightness and, since the addition level of ferrous sulphate most likely was too high during the trial, the possibility of lowering the discoloration should be considerable when the chemical system is optimized.
